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In Vivo Imaging Reveals Different
Cellular Functions for FGF and Dpp Signaling
in Tracheal Branching Morphogenesis
stereotyped cell migrations and cell shape changes (Sa-
makovlis et al., 1996). A large number of genes involved in
the migration process have been identified, and a coherent
picture of how this branched network is established is
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CH-4056 Basel 1999; Petit et al., 2002).
Switzerland One of the key signaling systems responsible for the
correct spatial migration of tracheal cells is the fibroblast
growth factor (FGF) signal transduction cascade. An FGF-
Summary
like ligand encoded by the branchless (bnl) gene is ex-
pressed prior to the migration process in nontracheal cellsIn the developing tracheal system of Drosophila mela-
surrounding the invaginating tracheal placode in a patternnogaster, six major branches arise by guided cell mi-
which prefigures the subsequent migration events (Suther-gration from a sac-like structure. The chemoattractant
land et al., 1996). The Bnl/FGF receptor, encoded by theBranchless/FGF (Bnl) appears to guide cell migration
breathless (btl) gene (Kla¨mbt et al., 1992), as well as anand is essential for the formation of all tracheal
FGFR-specific signaling component encoded by thebranches, while Decapentaplegic (Dpp) signaling is
downstream of FGFR (dof ) locus (Vincent et al., 1998), arestrictly required for the formation of a subset of
expressed in the responding tracheal cells and mediatebranches, the dorsal and ventral branches. Using in
the cellular effects of Bnl/FGF signaling. In bnl, btl, andvivo confocal video microscopy, we find that the two
signaling systems affect different cellular functions dof mutants, the specification of tracheal cells is normal
required for branching morphogenesis. Bnl/FGF sig- and the placodes invaginate but primary branches fail
naling affects the formation of dynamic filopodia, pos- to migrate out. In contrast, ectopic Bnl/FGF can redirect
sibly controlling cytoskeletal activity and motility as tracheal cell migration to new sites of expression, demon-
such, and Dpp controls cellular functions allowing strating its role as a chemoattractant (Sutherland et al.,
branch morphogenesis and outgrowth. 1996).
Somewhat surprisingly, the formation of individual tra-
Introduction cheal branches via cell migration requires, in addition to
Bnl/FGF signaling, other distinct signaling inputs. Dpp sig-
Numerous cells arise at a distance from the place at
naling is required for the proper formation of dorsal, gangli-
which they fulfill their function. These cells have to be
onic, and lateral trunk branches (Llimargas and Casanova,
endowed with migratory capacities and with navigation
1997; Vincent et al., 1997; Wappner et al., 1997). Dpp
systems allowing them to move directionally, often as
signaling induces expression of the zinc finger proteinscell groups, in the living organism. The control of actin
Knirps (Kni) and Knirps-related (Knrl) in responding tra-polymerization plays an important role in migration and
cheal cells (Chen et al., 1998). Activation of kni/knrl isin other processes in which cells explore their environ-
not only essential for dorsal and ventral tracheal cells toment (Cooper and Schafer, 2000; Pantaloni et al., 2001).
respond properly to the chemoattractant Bnl/FGF, but alsoStructures known as filopodia and lamellipodia extend
for specifying the size of the tracheal tubes to be formedforward from the leading edge of motile cells and explore
during morphogenesis (Beitel and Krasnow, 2000; Chenthe environment. The formation of these actin-containing
et al., 1998). In addition, ectopic Dpp signaling is able toextensions is essential for cell motility. Interactions of cells
direct cells from migration along the anterior-posterior axisor cellular extensions with molecules displayed on neigh-
toward migration along the dorsal-ventral axis, indicatingboring cells or deposited in the extracellular matrix help
that Dpp signaling also affects the migration behavior ofto coordinate movement in space (Lauffenburger and Hor-
tracheal cells directly.witz, 1996; Sheetz et al., 1999). Although much has been
The requirement of different signaling systems for thelearned about the molecular control of motility from cell
directed outgrowth of primary tracheal branches leads toculture experiments, less is known about how all the rele-
a number of questions (Metzger and Krasnow, 1999). Howvant cues are integrated in vivo as a cell moves from one
are these signaling pathways integrated with the Bnl/FGFplace to another in a developing organism.
The genetic mechanisms regulating cell migration are pathway? What is the role of the chemoattractant Bnl/
analyzed in vivo in a number of systems. Tracheal develop- FGF? Are tracheal cells intrinsically motile or is motility
ment in Drosophila melanogaster has been extensively induced by Bnl/FGF? And how are the patterning signals
used to study the control of cell movement in branching interpreted in order to achieve epithelial cell migration and
morphogenesis. The highly branched and tubular network tube assembly events?
is established during embryogenesis from individual To start to address these issues, we have studied the
groups of cells (placodes) by genetically programmed, behavior of tracheal cells in vivo at high resolution in time
and space using GFP-tagged proteins expressed in tra-
cheal cells of wild-type and mutant embryos.1Correspondence: markus.affolter@unibas.ch
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Figure 1. Filopodia Formation in Tracheal
Cells
Three-dimensional reconstructions of living
embryos expressing GFP-actin (A, B, C, E,
and F) or Src-GFP (D) under the control of
the btl-Gal4 driver. (B) is a higher magnifica-
tion scan of the region boxed in (A).
(A and B) Short actin extensions (arrowheads)
are first visible from the dorsal part of the
placode right after onset of germ band re-
traction.
(C) Between stages 12 and 13, short actin
extensions are visible from the tip of all grow-
ing branches (arrows).
(D) Highlighting the membrane of tracheal
cells at a later stage (stage 14) reveals cellular
extensions from the tip cells of the dorsal
branches.
(E) High magnification of tip cells from a dor-
sal branch.
(F) High-resolution scanning of a filopodium
protruding from a tip cell of a dorsal branch.
The extension has a diameter of 0.4 m and
branches at its distal part.
Formation of Cell Extensions Is a Dynamic ProcessResults
To investigate the dynamics of the formation of these
cellular extensions, we performed a time-lapse confocalFormation of Actin-Containing Cellular Extensions
analysis of actin cytoskeletal activity in tracheal cellsduring Tracheal Cell Migration
during the migration process, with special emphasis onTo investigate possible dynamic cell shape changes ac-
dorsal and ganglionic branches. For the dorsal branch,companying tracheal cell movement in vivo and link them
serial reconstructions were performed every 2 min butto the different signaling systems, we used three-dimen-
only every second reconstruction is shown (Figure 2A;sional reconstructions of confocal images of living em-
for a full movie, see Supplemental Movie S1 at http://bryos expressing different GFP-tagged proteins in the
www.developmentalcell.com/cgi/content/full/2/5/677/developing tracheal system. Expression of GFP-actin (Ver-
DC1), while for the ganglionic branches, confocal recon-khusha et al., 1999), driven in tracheal cells by the btl-
structions were done every 2 min, and all are shownGal4 driver line (Shiga et al., 1996), revealed fine cellular
(Figure 2B; see Supplemental Movie S2). In both cases,protrusions from cells at the tip of growing branches after
actin-containing extensions were seen most promi-initiation of germ band retraction when migration starts
nently in the cells at the tip of the branches. Each of(Figures 1A–1C). Such cell extensions were most promi-
the two leading cells in the dorsal branches formednently observed in the developing dorsal and ganglionic
numerous dynamic cellular outgrowths (Figure 2A). Inbranches as well as in the dorsal trunk anterior and poste-
the ganglionic branches, cell extensions were mostrior (Figure 1C). During the early stages of branch out-
prominently seen in the single leading cell (Figure 2B).growth, these cellular extensions were generally short and
The formation of cell extensions was extremely dynamicrelatively few in number.
and their topology changed dramatically with time.In order to visualize possible cell shape changes during
Some extensions were found to be short lived; otherslater migratory phases, we expressed a GFP protein fused
were more stable and rather long (up to 20 m). Weto the myristilation site of the Src protein (Kaltschmidt et
conclude from these data that tracheal cell migration isal., 2000) under the indirect control of the btl enhancer.
accompanied by the formation of thin, dynamic actin-This GFP fusion protein labels cellular membranes and
containing cell extensions, referred to as filopodia in thethus traces the outline of tracheal cells. Three-dimensional
following.reconstruction of dorsal branches using a stack of optical
sections through a living embryo expressing this construct
revealed that the two leading cells formed numerous mem-
Bnl/FGF Induces the Formationbranous extensions in all directions (Figure 1D); extensions
of Cellular Extensionsfrom more proximal cells of the dorsal branch or from cells
Until now, the only known chemoattractant for trachealof the dorsal trunk were only seen very rarely. To ascertain
cells is the FGF-like protein encoded by the branchlessthat these membranous extensions contain actin, we also
(bnl) gene (Sutherland et al., 1996). Since bnl is ex-analyzed embryos of the same developmental stage ex-
pressed in nontracheal cells adjacent to the tip of migrat-pressing the GFP-actin construct. Clearly, a similar net-
ing branches, it is likely that tracheal cells form exten-work of cell extensions was also discernable with actin-
sions as a result of the activation of the Bnl/FGFcoupled GFP (Figure 1E). Reconstruction of such a cellular
signaling cascade. To test this prediction, we analyzedextension at high resolution demonstrated that the diame-
ter of these extensions was in the range of 0.3 to 0.4 m the cytoskeletal activity of tracheal cells in mutant em-
bryos in which Bnl/FGF signaling is disrupted. The failure(Figure 1F).
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Figure 2. Tracheal Filopodia Are Highly Dynamic
Time-lapsed three-dimensional reconstructions of living embryos expressing GFP-actin.
(A) Dorsal branches were scanned at 2 min intervals. Only every second frame is displayed. The arrowheads highlight an example of a
filopodium that extends, becomes stabilized, and thickens. Some filopodia form branched structures (arrow).
(B) Ganglionic branches were scanned at 2 min intervals. Only the tip cells of the ganglionic branches form long filopodia extending in all
directions (arrows).
of tracheal cells to migrate in btl mutants was accompa- 1996; Samakovlis et al., 1996). Although we have ob-
served dynamic filopodia throughout the migrationnied by a failure to form filopodial extensions (Figures 3A
and 3B). Lack of filopodia was also observed in embryos phase, it is possible that the filopodia shown in Figure
2 develop under the control of Bnl/FGF signaling via themutant for bnl and dof (data not shown). These experi-
ments demonstrate that Bnl/FGF signaling is required transcriptional control of secondary or terminal branch
genes. To investigate whether Bnl induces filopodia for-for filopodia formation.
We also wanted to investigate whether Bnl/FGF sig- mation via the activation of known secondary or terminal
genes (pnt, bs/Dsrf), we analyzed filopodia formationnaling was sufficient for the formation of filopodia in
tracheal cells, and asked whether ectopic expression in pnt mutants in vivo; in these mutants, only primary
branches form (Samakovlis et al., 1996). Numerous filo-of bnl in all tracheal cells would lead to the formation
of ectopic filopodia. Numerous actin-containing exten- podia were also observed on the tip cells of the migrating
branches in pnt mutants, both in the dorsal branchessions were seen in a large number of tracheal cells upon
the expression of a bnl transgene under the indirect (Figure 3D) as well as in the ganglionic branches (data
not shown). These results demonstrate that Bnl/FGFcontrol of the btl enhancer; all cells, even those of the
dorsal trunk, responded to Bnl/FGF with the formation signaling induces cytoskeletal dynamics in the absence
of transcriptional induction of any known gene, and itof filopodia (Figure 3C). These experiments provide clear
evidence that tracheal cells react to the Bnl chemoat- is likely that the signaling input directly influences cyto-
tractant with the formation of dynamic actin-containing plasmic events in the absence of changes in nuclear
filopodial extensions. transcription.
Bnl/FGF and Btl are not only required for tracheal cell
migration via the formation of primary branches, but
also for the gene expression programs that underlie the Dpp Signaling Is Required for Branch
Outgrowth, but Not for the Formationformation of the secondary and terminal branches. Bnl
induces secondary branching via the activation of the of Cellular Extensions
The formation of tracheal branches via directed cell mi-pointed (pnt) gene, and later terminal branching via the
expression of blistered/Dsrf (bs/Dsrf) (Guillemin et al., gration requires input from other signaling systems in
Developmental Cell
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To circumvent the problem of the absence of dorsal
bnl expression in mutants defective in Dpp signaling,
we made use of the inhibitory SMAD protein encoded
by the Drosophila Daughters against dpp (Dad) gene
(Tsuneizumi et al., 1997). Specific inhibition of Dpp sig-
naling in tracheal cells via trachea-specific ectopic ex-
pression of Dad led to the absence of dorsal branches
(Figure 4B; compare to Figure 4A), despite the presence
of bnl expression on the dorsal side of the embryo (Fig-
ure 4C). Consistent with the absence of dorsal branches
upon ectopic expression of Dad, kni expression was not
detectable in dorsal tracheal cells (Figure 4E; compare
to Figure 4D). Loss of dorsal branches was also readily
visible in the later larval stages; we did not observe
dorsal branches in third instar larvae upon the expres-
sion of Dad in the tracheal system during embryogenesis
(data not shown). In embryos and in larvae expressing
Dad, we occasionally observed stump-like dorsal out-
growths at positions where dorsal branches form in wild-Figure 3. Bnl/FGF Signaling Is Responsible for Filopodia Formation
type animals (Figures 4K–4M). We will argue below thatThree-dimensional reconstructions of living embryos expressing
these stumps are misrouted dorsal trunk outgrowths;GFP-actin in the tracheal system and either lacking the FGF receptor
such outgrowths were never observed in tkv or put mu-Btl (A and B), expressing the FGFR ligand bnl ectopically in all
tracheal cells of a wild-type embryo (C), or lacking the transcription tants (Figure 4O), presumably due to the lack of bnl
factor Pnt (D). expression dorsal to the invaginating placode. We con-
(B) Highlight of the region boxed in (A). clude from these experiments that ectopic expression
(C) Highlight of the dorsal trunk of an embryo expressing the FGFR of Dad mimics the tkv and put mutant phenotypes withligand bnl in all tracheal cells.
regard to the lack of dorsal branch formation, and that(D) Tip cells of a dorsal branch in a pnt mutant.
dorsal branches fail to form through guided cell migra-
tion in this particular Dpp loss-of-function situation de-
spite the presence of dorsal bnl expression.addition to Bnl/FGF. Activation of the Dpp signal trans-
To investigate the possible cell shape changes or cy-duction cascade is essential in dorsal and ventral tra-
toskeletal rearrangements in dorsal tracheal cells in thecheal cells prior to migration for the subsequent forma-
absence of Dpp signaling in vivo, we used confocaltion of dorsal and ventral (ganglionic and lateral trunk
imaging of living embryos expressing both a Dad andanterior and posterior) branches. In the absence of the
a GFP-tagged actin transgene in the developing trachea.Dpp receptors Thick veins (Tkv) or Punt (Put), dorsal
Confirming the observations made in fixed embryos and
branches completely fail to develop and ventral branches
in third instar larvae, the phenotype observed in late
are strongly affected. Dpp induces the expression of
embryonic stages (stages 15 and 16) in vivo was the
the genes kni and knrl in the ventral and dorsal cells of
complete absence of dorsal branches (Figure 4I). How-
the placode; in the absence of these two nuclear pro- ever, analysis of a time-lapse study of three-dimensional
teins, dorsal branches are absent and ventral branches reconstructions, in which tracheal GFP-actin dynamics
are strongly abnormal (Chen et al., 1998). were recorded in an interval of 5 min for 135 min, re-
Knowing that Bnl/FGF acts as a chemoattractant for vealed a strikingly different picture (selected time points
tracheal cells, and having shown above that Bnl/FGF in Figures 4F–4I; for a full movie, see Supplemental
signaling induces filopodial activity, one must wonder Movie S3). Unlike put mutants, embryos in which Dpp
why cells need input from the Dpp signaling cascade signaling was inhibited specifically in tracheal cells by
for a directed movement to the Bnl/FGF source. Is the ectopic expression of Dad clearly showed dorsal out-
Dpp response a prerequisite for the subsequent induc- growths and filopodial activities in positions where dor-
tion of filopodia by Bnl/FGF? Or do dorsal branch cells sal branches normally form. These outgrowths looked
respond to Bnl/FGF with the formation of filopodia even bud-like and showed dynamic filopodial extensions, but
in the absence of Dpp signaling input, yet fail to migrate never refined to single-cell diameter, tubular dorsal
properly? branches (Figure 4J). Although tracheal cells did migrate
In order to find out how these different signaling sys- dorsally, they never migrated over a large distance, and
tems interact in vivo, we wanted to investigate the cy- in most cases all the cells forming these buds eventually
toskeletal activity of tracheal cells in the absence of Dpp reintegrated into the main dorsal trunk, leading to a
signaling, with particular emphasis on dorsal branches. general absence of dorsal branches (Figure 4I).
However, we had previously shown that both tkv and These results demonstrate that in the absence of Dpp
put mutants lack dorsal expression of bnl; therefore, signaling, tracheal cells close to the dorsal bnl-express-
they not only lack the Dpp signaling input but also the ing ectodermal cells are able to form actin-containing
Bnl/FGF signaling input (Vincent et al., 1997). In line with filopodial extensions and initiate dorsal migration. How-
the absence of dorsal bnl expression, cellular extensions ever, the lack of Dpp signaling, which results in the lack
were not observed in dorsal tracheal cells in put mutants of expression of the kni/knrl target genes, leads to failure
when analyzed in vivo using the GFP-actin fusion protein to form a dorsal branch, and the short, bud-like dorsal
outgrowths eventually reintegrate into the main dorsal(data not shown).
FGF and Dpp Signaling in Branching Morphogenesis
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Figure 4. Dpp Signaling Is Required for Dorsal Branch Outgrowth, but Not for the Formation of Cellular Extensions
To determine the effect of Dpp signaling on dorsal branch migration, embryos expressing the Dpp signaling inhibitor Dad under the control
of the btl-Gal4 driver (B, C, E–M), mutants lacking Dpp-induced kni/knrl in the tracheal system (N), and mutants for the Dpp type II receptor
punt (O) were analyzed (for details, see Experimental Procedures). The tracheal system was visualized using the tracheal enhancer trap line
1-eve-1 (A, B, C, and K), the luminal antibody 2A12 (L, N, and O), or by three-dimensional reconstruction of living embryos expressing the
GFP-actin construct under control of the trachea-specific btl-Gal4 driver (F–J). Bright field pictures of a third instar larva are shown in (M).
Embryos were recorded at stage 13 (C), stage 13–14 (D and E), and stage 15 (A, B, K, L, N, and O) of development.
(A and B) Dorsal branches, or their expected positions, are indicated by arrowheads.
(C) Visualization of bnl mRNA by in situ hybridization (blue, arrow).
(D and E) Visualization of kni mRNA in an embryo overexpressing Dad in trachea (E) compared to the wild-type situation in (D).
(F–I) Three-dimensional reconstruction of the tracheal actin cytoskeleton of a living embryo lacking Dpp signaling in the trachea. Selected
frames from a 135 min time-lapse analysis are shown.
(J) Three-dimensional reconstruction of the dorsal part of a tracheal tree of a living embryo overexpressing Dad.
(K–M) Rare dorsal buds (arrows) are visible at later stages in fixed tissue (K and L) and in living third instar larvae (M) of animals overexpressing
Dad in the trachea.
(N) These dorsal trunk-like dorsal buds are also visible in embryos lacking Dpp-induced kni/knrl during branch formation.
(O) Absence of buds in mutants for the Dpp type II receptor put.
trunk. Consistent with this interpretation, cells forming Bnl/FGF is indeed necessary and sufficient to induce
filopodia in tracheal cells in vivo. Bnl/FGF-induced filo-the initial dorsal outgrowth in Dad-expressing embryos
in rare cases generated a dorsal trunk-sized lumen (Fig- podia are extremely dynamic and are formed almost
exclusively by the leading cells of migrating branches.ures 4K and 4L). These dorsally directed stumps of dor-
sal trunk were also visible in third instar larvae (Figure It has been shown previously that Bnl/FGF-dependent
phosphorylation of Map kinase (ERK) is highest in cells4M). Such dorsal trunk-like buds were also seen in mu-
tants that lacked Dpp-induced kni/knrl in the tracheal at the tip of branches (Gabay et al., 1997). Both the
number of filopodia (this study) and the amount of phos-system (Figure 4N; for detailed genotype, see Chen et
al., 1998 and Experimental Procedures), indicating that phorylated ERK dramatically increase in all cells upon
ectopic expression of bnl (Gabay et al., 1997). Together,dorsal migration also took place in these mutants. These
buds were never observed in put mutants, presumably these results strongly argue that Bnl/FGF signaling is
highest in tracheal cells close to the source of the liganddue to the lack of dorsal expression of the chemoattrac-
tant Bnl/FGF (Figure 4O). and that migration is steered by the cells at the tip of the
branches. Filopodia extend in all directions, suggesting
that directionality in tip cell migration is controlled byDiscussion
events other than directional outgrowth of filopodia.
Possibilities for such events include the selective adhe-Bnl/FGF Is Required and Sufficient to Induce
sion of filopodia or the preferential stabilization orthe Formation of Cellular Extensions
bundling of microtubules in the direction of the Bnl/FGFBnl/FGF signaling is used reiteratively during tracheal
ligand.development. Based on loss-of-function and gain-of-
function studies and on the expression pattern of bnl,
Bnl/FGF has been proposed to act as a chemoattractant Bnl/FGF and Dpp Signaling Have Distinct Effects
on the Formation of Dorsal Tracheal Branchesfor tracheal cells in early developmental stages; branch
outgrowth is directed toward bnl-expressing nontra- We have previously shown that Bnl/FGF signaling is not
sufficient for dorsal branch formation; in the absence ofcheal target tissues via chemotactic induction of cell
migration (Sutherland et al., 1996). Here, we show that Dpp signaling (Vincent et al., 1997) or in mutants lacking
Developmental Cell
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expression of the Dpp-induced target genes kni/knrl in and forms an intracellular lumen, allowing oxygen to
the trachea (Chen et al., 1998), dorsal branch formation pass through the terminal cells to reach the target tissue.
fails completely. In this study, we analyzed the effects Bnl/FGF also appears to act as a chemoattractant for
of the absence of either of the two signals at the cellular these fine terminal extensions, but the structure of these
level using confocal four-dimensional imaging of living terminal extensions is dramatically different from pri-
embryos combined with trachea-specific inhibition of mary branches induced earlier (Jarecki et al., 1999).
Dpp signaling. Our results demonstrate that while Bnl/ While the same ligand and receptor are used in both
FGF signaling is necessary and sufficient for the induc- processes, some of the downstream components are
tion of filopodial activity in tracheal cells and for cell different (for example, Blistered/Dsrf, which is not made
migration in the strictest sense (cells do start to migrate in time to participate in early branching processes), and
dorsally when Dpp signaling is inhibited by Dad), Bnl/ this difference might account for the formation of
FGF is apparently not sufficient to allow productive dor- branches of distinct structure and pattern (Guillemin et
sal branch outgrowth. For dorsal branches to grow out al., 1996; Jarecki et al., 1999). It will be interesting to
and form, Dpp signaling input is strictly required, in uncover the molecular differences accounting for the
addition to filopodial activity induced by Bnl/FGF. Thus, role of Bnl/FGF signaling in the outgrowth of these fine
Dpp signaling does not appear to collaborate with Bnl/ terminal extensions, as opposed to its role in tracheal
FGF in filopodia production and motility, but instead to cell migration.
target cellular functions distinct from those targeted by Bnl/FGF signaling has also been associated with the
Bnl/FGF signaling. Thus, despite the essential and cru- formation of actin-based cell extensions called cyto-
cial role of Bnl/FGF, chemoattraction is not sufficient nemes that project to the signaling center associated
for successful tracheal branching and, despite the re- with the anterior-posterior compartment border in the
quirement of Dpp for dorsal branch formation, migration wing imaginal disc (Ramirez-Weber and Kornberg,
per se is not affected. 1999). In contrast to filopodia, cytonemes are polarized
We envisage a number of potential, possibly overlap- with respect to their orientation to an organizing influ-
ping, roles for Dpp signaling in dorsal branch formation. ence. Little is known about the formation and the func-
(1) Dpp might induce branch-specific cell rearrange- tion of cytonemes, but it will be interesting to compare
ments allowing the formation of an extended unicellular signaling components and targets involved in this and
tube via cell intercalation (see Samakovlis et al., 1996). the related processes discussed above.
In the absence of this information, branch elongation
Experimental Procedurescannot take place and the 5–7 cells that would line up
to form the dorsal branch under normal conditions start
Drosophila Strains and Geneticsto migrate dorsally as a cell group, adopt dorsal trunk
Targeted gene expression was achieved with the Gal4/UAS systemidentity, and later reintegrate into the resident dorsal
(Brand and Perrimon, 1993) using btl-Gal4 (Shiga et al., 1996), UAS-
trunk. (2) Dpp signaling might influence adhesion among GFP-actin #2-2 (Verkhusha et al., 1999), UAS-Src-GFP (Kaltschmidt
tracheal cells, generating groups of cells with higher et al., 2000), UAS-bnl (Sutherland et al., 1996), or a homozygous
affinity for each other. It is possible that cell movement UAS-Dad line on the second chromosome (Tsuneizumi et al., 1997).
The kni-transgene/CyO;Df(3L)riXT1/TM2 line used has been de-during branching morphogenesis is the result of a bal-
scribed previously (see Chen et al., 1998 for details). The followingance between the forces generated by Bnl/FGF-induced
alleles were used: puntp, btlH823, and pnt88.forward cell migration and the forces generated by adhe-
sive properties among neighboring tracheal cells. Rein-
Immunostainings and Whole-Mount In Situ Hybridization
tegration of the dorsal bud formed in the absence of The following primary antibodies were used: monoclonal antibody
Dpp signaling into the dorsal trunk could be the result 2A12 (N. Patel) and anti--galactosidase (Promega). Embryos were
of the higher affinity of the respecified dorsal trunk cells fixed and immunostained according to Patel, 1994 with minor modi-
fications. mRNA was detected by in situ hybridization to whole-for their own dorsal trunk “affinity group,” which might
mount embryos as described (Tautz and Pfeifle, 1989), with minorbe stronger than the force generated by the Bnl/FGF
modifications.chemoattractant. (3) Dpp signaling could alter the adhe-
sion between tracheal cells and migratory substrates,
Time-Lapse Confocal Microscopy
for example by changing the selective adhesion of ex- Embryos expressing the GFP construct of interest were collected
tending filopodia to distinct target regions. Such a model overnight, dechorionated for 3 min using 3%–4% Clorox, and
would also be consistent with the demonstrated capa- mounted in Voltalef 10S oil. Images were collected on a Leica TCS
SP confocal system using the Leica TCS NT software. Typicallybility of Dpp to redirect cells toward dorsal migratory
20–30 focal sections were recorded for each time point (each aver-behavior (Vincent et al., 1997).
aged four to eight times), with a spacing of 0.5–1.5 m between
each focal plane. This procedure was repeated with an interval ofFGF Signaling Leads to Cytoskeletal Changes typically 2 min.
in Other Developmental Contexts
Bnl/FGF signaling is involved in numerous other devel- Three-Dimensional and Four-Dimensional Reconstructions
opmental contexts that appear to be brought about by Images from the Leica TCS NT software were subsequently pro-
cessed using the Imaris 2.7 software (Bitplane) running on a Siliconcytoskeletal changes. After acting as a chemoattractant
Graphics O2 workstation. Images were manually cropped into singlefor tracheal cells during primary branch formation, Bnl/
stacks representing each time point, treated to reduce the back-FGF is required for the formation of fine terminal
ground noise, and 3D reconstructed using the Shadow Projection
branches in the larva (Guillemin et al., 1996; Samakovlis function of this software. For some images, the same procedure
et al., 1996). Each terminal branch arises from specified was performed using the Easy 3D and Full 3D functions of the Imaris
terminal cells as a long, thin (0.1–1.0 m diameter) cyto- 3.0.6 software (Bitplane).
The 3D reconstructed images were treated with Photoshop 5.5plasmic extension that grows out on the target tissue
FGF and Dpp Signaling in Branching Morphogenesis
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software (Adobe) and time-lapse series were assembled using Pre- Ramirez-Weber, F.A., and Kornberg, T.B. (1999). Cytonemes: cellular
processes that project to the principal signaling center in Drosophilamiere 6.0 software (Adobe).
imaginal discs. Cell 97, 599–607.
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